INTRODUCTION
One of the methods of controlling the crystal structure of polymers, and in particular polyolefi ns, is to introduce special additives -artifi cial nucleators [1, 2] . Most of these are heterogeneous nucleators. In their presence, crystallisation of polymer melts occurs epitaxially on the surface of the nucleator [3] . It is customary to assume that crystallisation nuclei evenly distributed in a polymer melt cause the formation of a large number of crystallites with a smaller degree of supercooling, i.e. at a higher temperature by comparison with the initial polymer.
In references [2] , [4] , and [5] it was shown that the introduction of a nucleator into a crystallising polymer leads to two effects. Firstly, there is an increase in the total crystallisation rate, which promotes more rapid solidifi cation of the melt. Secondly, the average size of the spherulites decreases, which naturally changes the mechanical and, in a number of cases, the optical properties of the material, making it more transparent.
D e r i v a t i v e s o f s o r b i t o l , i n p a r t i c u l a r diparamethyldibenzylidene sorbitol (MDBS)
, are among the most effective nucleators for polypropylene (PP). It has been noted that, when MDBS is introduced into PP, there is an increase in the transparency and elastic modulus of the materials [4] [5] [6] [7] [8] [9] . However, in these publications, only fragmentary data are given on the mechanism of action of sorbitols. In references [10] and [11] it is assumed that MDBS, being a "supplier" of crystallisation nuclei for PP, dissolves in the polymer melt and is thereby distributed better in the polymer.
In the present work, using a number of modern methods of physicochemical analysis, we have attempted to obtain more complete information on the effect of MDBS on the structure and thermophysical properties of PP.
EXPERIMENTAL
The polymer used was Lipol A7-74K polypropylene from the "Linos" Joint Stock Co., with MFI 230,2.16 = 10.7 g/10 min. Irgaclear DM diparamethyldibenzylidene sorbitol from Ciba SC was used. The MDBS is a white crystalline powder with a melting temperature (T melting ) of 255-262°C, a crystallisation temperature (T cryst ) of 240-247°C, a melting enthalpy (DH) of 174.1 J/g, and a temperature of the start of degradation of ~250°C.
The introduction of additives into PP was carried out on a Baker Perkins twin-screw extruder (L/D = 25) at a melt temperature of 250°C. Then, from the granules obtained, standard specimens (50 x 2 mm discs) were moulded on an Allrounder 370 CMD machine -melt temperature 250°C, mould temperature 40°C, moulding pressure 110/80 Pa. The specimens of PP-MDBS blends obtained in this way, the MDBS content of which was varied from 0.2 to 20 wt.%, were studied by means of differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), X-ray microanalysis (XMA), photocolorimetry, and transmission electron microscopy (TEM).
Thermophysical measurements were conducted on a TA Instruments DSC Q100 instrument in nitrogen at heating and cooling rates of 10 K/min.
Interdiffusion and solubility of components in the PP-MDBS system were studied by multibeam interference [12] . Measurements of concentration profi les in the region of phase conjugation were conducted on an ODA-2 IFKh diffusometer in the temperature range 190-270°C.
The size of the scattering "particles" was calculated by analysing data on turbidity spectrum data. The optical density of moulded discs in the wavelength range 350-800 nm was measured on a Thermo Helios g spectrometer. In assessing the size and number of scattering particles by the procedure set out in reference [13] , a refractive index of the dispersion medium of 1.429 (amorphous phase of PP) and of the dispersed phase of 1.503 (crystalline phase of PP) were adopted.
Thermogravimetric analysis was conducted on a TA Instruments Q50 instrument in nitrogen at a heating rate of 10 K/min, and also in an isothermal regime at a temperature of 250°C (processing temperature).
The surface morphology of the low-temperature cleavage faces of specimens was studied using singlestep carbon-platinum replicas on a Philips EM-501 transmission electron microscope. Firstly, there is an increase in the melting and crystallisation temperatures. Here, T cryst changes to a greater extent than T melting . When only 0.2% MDBS is introduced into the composites, T cryst increases by ~160, and T melting by ~40. That is, it is possible to speak of the effect of "more rapid melt solidifi cation" of PP in the presence of MDBS [3, 4] . It is interesting to note that the difference between T cryst and T melting is not dependent on the modifi er content.
Secondly, increase in T cryst and T melting is accompanied with a small increase in the enthalpy of melting (see Table 1 ), which indicates an increase in the degree of crystallinity of the polyolefi n (a). Estimates of a from the ratio of the enthalpy of melting of the PP phase in the investigated specimens to the enthalpy of melting of PP crystals [14] showed that, if for moulded specimens of PP α ≅ 47%, then for PP + 0.2% MDBS α ≅ 54%. It must be pointed out that the increase in the degree of crystallinity of the composites with increase in the MDBS concentration is not monotonic, rather there is some extremum at an additive content of 0.2%. With further increase in the MDBS concentration, the degree of crystallinity decreases even below the level of the initial PP, and amorphisation of the structure is observed.
Thirdly, with an MDBS content of over 5%, values are observed on the thermograms that are similar to the T cryst and T melting values of the modifi er (see Figures 1 and  2 and Table 1 ). This enables us to assume that a certain proportion of the MDBS in specimens is in the form of inclusions in the matrix of the modifi ed PP. If it is accepted that MDBS, like most low molecular weight substances, crystallises entirely (its α ≅ 100%), then, from the ratio of the heat effects of melting of the modifi er in PP and of pure MDBS, it is possible to estimate the proportion of crystalline phase of the nucleator inclusion. For example, for a specimen containing 10 wt.% MDBS, it amounted to 4-5 wt.%. The ratio between the introduced amount of MDBS and the additive content calculated from the magnitude of the enthalpy of melting is presented in Figure 3 . In all cases, the difference between these values amounts to roughly 4-5 wt.%. This means that a considerable portion of the MDBS either dissolves in the amorphous phase of the PP or degrades irreversibly during processing of the blend.
Thermogravimetric studies of specimens showed that MDBS possesses a fairly low thermal stability. In a dynamic regime, the temperature of 5% weight loss amounted to 280°C, whereas in the case of PP it was 340°C. In an isothermal regime at 250°C, MDBS loses 3.5-5% of its weight within 7-10 min.
A study of the zones of interdiffusion spontaneously arising during conjugation of the phases of the PP melt with crystalline MDBS at low temperatures and with MDBS melt at high temperatures showed that, at T > T melting of MDBS, its solubility in PP reaches 2%, at the processing temperature of the composite (245-250°C, i.e. below T melting of MDBS) its solubility decreases to 0.06%, and at the temperature of crystallisation of PP it does not exceed 0.01%.
From the results of thermophysical and diffusion measurements, the phase diagram of the PP-MDBS system was plotted ( Figure 5 ).
It can be seen that blends of PP with MDBS are characterised by complex amorphous-crystalline equilibrium. The binodal curve describing the process of amorphous separation into layers in the melt at T > T melting (MDBS) is positioned in the region of weak solutions of modifi er in the PP melt. At temperatures below the melting temperature of MDBS, in connection with the amorphous separation of the composites into layers, two liquidus lines are present on the temperature-concentration fi eld of the diagram, one of which characterises the change in T melting of the polypropylene phase, while the second characterises the change in T melting of the MDBS phase. The left-hand branch of the liquidus line of MDBS characterises the solubility of the crystalline phase of the modifi er in the polyolefi n melt.
If points corresponding to the composites under investigation are plotted on the temperature-concentration fi eld of the diagram, it can be seen that practically all blends lie in the region of the two-phase state. At a processing temperature of 250°C (if the temperature did not reach 260°C), the dispersed phase consists of MDBS crystals, and the dispersion medium is the MDBS melt solution in PP. From the diagram it follows that, with a reduction in temperature to the melting temperature and then to the crystallisation temperature of PP, phase decomposition of the melt solution with the formation of an additional amount of MDBS it to be expected. This portion of modifi er either can form an independent phase or can participate in the process of growth of the dispersed phase particles already present.
The results of structural and morphological studies confi rm phase-diagram-based conclusions concerning the phase organisation of PP-MDBS composites.
As can be seen from micrographs (Figure 6 ), moulded specimens of PP are characterised by a homogeneous domain structure with rudiments of weak spherulites, the average size of which fl uctuates from 0.2 to 0.5 µm. The introduction of MDBS leads to the appearance in the PP matrix of acicular nanocrystals. With a modifi er content of 0.5%, the transverse dimensions of the crystals are no more than 15 nm, and the longitudinal dimensions are more than 1000 nm. Increase in the MDBS content leads to an increase, above all, in the transverse dimensions, and with an MDBS content of 10% they reach a thickness of 200 nm (Figure 7) .
In our opinion, of fundamental importance is the fact that, in the PP matrix, MDBS crystals form a network uniformly distributed over the cross-section of the specimens. We were unable to fi nd the effect of epitaxial crystallisation of PP on the surface of MDBS crystals, but nevertheless it can be seen that the presence of anisotropic crystals of the modifi er reduces the size of the spherulites positioned in cells of the network of acicular MDBS crystals.
The results of studying the optical density of modifi ed PP specimens (Table 2) showed that the introduction of modifi er in the range of compositions from 0.2 to 2% increases the number of scattering particles and reduces their effective size by more than a factor of 2. This naturally leads to an increase in translucency and transparency of moulded PP specimens. With an MDBS content of 10%, the acicular crystals acquire a considerable size, which is accompanied with increase in the size of the scattering particles (by a factor of 1.5), and the polymer becomes pearly-white in colour and practically opaque.
CONCLUSIONS
The introduction of MDBS leads to acceleration of the crystallisation of polypropylene and consequently to change in the structure of polypropylene. In the process of crystallisation, MDBS forms a nanofi brillar three-dimensional network. Finer polypropylene crystals are formed, and their number increases. Here, a slight increase in the degree of crystallinity of polypropylene and a considerable increase in translucency are observed.
Contrary to published data [10, 11] , the dissolution of MDBS in polypropylene was not found. From the phase diagram it can be seen that, at a processing temperature of 250°C, and at the concentration of 0.2-0.5% recommended by the manufacturer, the system lies in the two-phase region. Furthermore, it must be pointed out that, under such temperature conditions, a certain amount of MDBS degrades. That is, increasing the temperature in order to achieve a single-phase state of the system is impossible.
